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Background: The rate of female remating can have important impacts on a species, from affecting conflict and
cooperation within families, to population viability and gene flow. However, determining the level of polyandry in a
species can be difficult, with information on the mating system of many species being based on a single
experiment, or completely absent. Here we investigate the mating system of the fruit fly Drosophila subobscura.
Reports from England, Spain and Canada suggest D. subobscura is entirely monandrous, with no females remating.
However, work in Greece suggests that 23% of females remate. We examine the willingness of female D.
subobscura to remate in the laboratory in a range of conditions, using flies from both Greece and England. We
make a distinction between pseudopolyandry, where a female remates after an ineffective first mating that is
incapable of fertilising her eggs, and true polyandry, where a female remates even though she has received
suitable sperm from a previous mating.
Results: We find a low rate of true polyandry by females (4%), with no difference between populations. The rate of
true polyandry is affected by temperature, but not starvation. Pseudopolyandry is three times as common as true
polyandry, and most females showing pseudopolyandry mated at their first opportunity after their first failed
mating. However, despite the lack of differences in polyandry between the populations, we do find differences in
the way males respond to exposure to other males prior to mating. In line with previous work, English flies
responded to one or more rivals by increasing their copulation duration, a response previously thought to be
driven by sperm competition. Greek males only show increased copulation duration when exposed to four or more
rival males. This suggests that the response to rivals in D. subobscura is not related to sperm competition, because
sperm competition is rare, and there is no correlation of response to rivals and mating system across the
populations.
Conclusions: These results illustrate the difficulties in determining the mating system of a species, even one that is
well known and an excellent laboratory species, with results being highly dependent on the conditions used to
assay the behaviour, and the population used.
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Female remating rate is extremely variable, ranging from
females mating with a single male in their lifetime, to
extreme polyandry where a female may mate with hun-
dreds of males [1,2]. These differences in mating system
can have profound effects on a species, impacting on
effective population size and population viability [3], the
rate of gene flow [4], and the spread of sexually* Correspondence: t.price@liverpool.ac.uk
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reproduction in any medium, provided the ortransmitted [5,6] and genetic diseases [7]. Female
remating rate also impacts on relatedness within families
and hence the level of conflict, cooperation, and sociality
within family groups [8,9]. The mating system has a par-
ticularly strong impact on the degree of pre and post-
copulatory choice by females [10], competition between
males [11], male–female conflict [12], and subsequent
adaptations to these pressures [13,14].
However, despite the importance of polyandry and the
decades of research into its causes and consequences,
there is still considerable confusion over polyandry in
the literature. The use of the word “polyandry” variestd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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of polyandry in a species further confuse the issue. Some
authors have used the term polyandry for instances
where a female has remated after receiving sperm incap-
able of fertilising her e.g. [2,15-17] and thus where
sperm competition cannot be taking place. However, we
argue that almost all the key ecological and evolutionary
impacts of polyandry (see previous paragraph) depend
on the possibility of a female’s offspring being sired by
multiple fathers [18]. In the many cases where offspring
cannot be fathered by a male (due to the copulation
being a short pseudocopulation without sperm transfer,
male sterility, or genetic incompatibility preventing
fertilisation) the consequences of the mating are greatly
reduced. Only the spread of sexually transmitted dis-
eases, the risk of mechanical damage to male or female,
and prevention of infanticide by males will be affected
equally by fertile and infertile copulations. In species
where males provide resources to females during or after
mating, such as nuptial gifts or parental care, females
may gain from infertile matings with additional males.
However, high costs to males are expected to drive
choosiness and high fertility in males, potentially redu-
cing the likelihood of infertile matings in such species.
Despite these potential costs and benefits of infertile
matings, we argue that the presence of sperm competi-
tion is the factor that makes the most important differ-
ence between polyandry and monandry (generally
defined as “females mating with a single male”), and that
it would be useful to clarify the terminology around
polyandry to reflect this.
We suggest the convention that “true polyandry” refers
to females mating with more than one male after which
sperm competition occurs. In contrast, “pseudopolyandry”
refers to females mating with more than one male where
sperm competition does not occur. This convention would
leave “polyandry” as a general term covering all situations
where a female mates with multiple males. Throughout this
paper, this is the convention we will use. Obviously in many
cases it will be difficult to distinguish true polyandry from
pseudopolyandry. Nevertheless, we think it is important for
biologists to have clearly defined concepts to use if their
data allow it.
Even when using the broadest sense of monandry and
polyandry, determining the mating system of a species is
often difficult. Typically the mating system of a species
is determined using a relatively small number of obser-
vations, either in the field or laboratory, or with pater-
nity analysis using genetic techniques [19,20], often from
a single location and time point [21]. However, the num-
ber of times a female mates may vary between popula-
tions [22], environmental conditions [23], and both the
physical condition [24,25] and genotype [26-28] of the
female. As a very simple example, if a particularpopulation has an unusually short female lifespan, it
may be impossible for a normally polyandrous species to
mate more than once, forcing it to become monandrous
under those circumstances. As a result, many species re-
ferred to as “polyandrous” or “monandrous” may show
considerable variation, and in many cases the assigned
mating system may simply be wrong.
Here we investigate the mating system of a well-
studied species, the fruit fly D. subobscura, a model
species for research into evolution [29], genetics [30],
ecology [31] and climate change [32]. However, despite
decades of research there is still considerable confusion
about the mating system in this species. It has generally
been thought to be completely monandrous, with evi-
dence coming from studies conducted on populations
from England [33], Spain [34] and Canada [35]. How-
ever, a study on a population from Greece detected
insemination by at least two males in about 20% of wild-
caught and mass laboratory reared females, with the au-
thors estimating that all wild females may mate multiple
times [36]. Further evidence suggesting this species is
polyandrous comes from a study on male investment in
mating after exposure to a potential rival male. Lizé and
colleagues [35] found that male D. subobscura that were
reared with one or more males had longer copulation
durations than males reared in isolation. This increase in
copulation duration when males are exposed to potential
rivals is seen in many Drosophila species [35,37] and has
been interpreted as a response to the increased risk of
sperm competition. Work on D. melanogaster [37] and
D. pseudoobscura [38] has shown that this increase in
copulation effort increases offspring production and suc-
cess in sperm competition. In D. pseudoobscura, males
exposed to rivals increase the number of fertilising
sperm transferred to the female [38]. In D. melanogaster
males exposed to rivals transfer more sperm to females,
but only if their hearing and taste senses function nor-
mally [39]. In D. melanogaster the transcription and
transfer of seminal fluid proteins also increases after ex-
posure to rivals [40], although there is some evidence
that actual production of seminal proteins may drop
[41]. If the response of D. subobscura males to rivals is a
response to sperm competition, it suggests that polyan-
dry must be present in many populations.
We tested for remating in D. subobscura in two popu-
lations, one from the UK (thought to be monandrous)
and one from Greece (thought to be polyandrous), under
a range of laboratory conditions. As D. subobscura males
often feed females prior to mating [42,43], we included
low nutrition conditions. We also manipulated male ex-
posure to potential rival males, and observed their sub-
sequent mating behaviour to test whether there is
variation in the response to rivals in this species, and
whether this correlates with polyandry as predicted by
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females as showing true polyandry when they remated after
a fertile mating (one that produced offspring). If a female
remated after producing no offspring from her first mating,
we classified this as pseudopolyandry. See methods for fur-
ther details.
Results
See Table 1 for the percentages of females showing true
polyandry, pseudopolyandry, and overall remating rate
in each of the different conditions.
Population differences in mating rate
The population of the female did not affect the rate of
true polyandry (GLM, Χ2 1, 372 =0.004, p = 0.948), and
neither did the population of the male in the first mating
(GLM, Χ2 1, 372 = 0.034, p = 0.855) nor the interaction be-
tween male and female populations (GLM, Χ2 1, 372 =
0.464, p = 0.496). The same was true when examiningTable 1 Female remating behaviour of the two populations in
Condition Populatio
Standard
UK
Greek
♂ from other population
UK
Greek
♂& ♀ stored at 18°C, mating took place at 18°C
UK
Greek
♂& ♀ stored at 25°C, mating took place at 25°C
UK
Greek
♂& ♀ stored at18°C, mating took place at 21°C
UK
Greek
♂& ♀ stored at 25°C, mating took place at 21°C
UK
Greek
♂ stored at 25°C, ♀ stored at 18°C, mating took place at 21°C
UK
Greek
♂ stored at 18°C, ♀ stored at 25°C, mating took place at 21°C
UK
Greek
♂ starved
UK
Greek
♀ starved
UK
Greek
♂ &♀ starved
UK
Greek
All All
The percentage of females showing true polyandry (remating after a fertile first ma
rematings, for flies from two populations under a variety of experimental condition
Standard conditions were females mated with a male from the same population, re
rematings can be greater than pseudo- and true polyandry combined, as females w
The data for conditions involving starved Greek females is not shown as few mated
starved males), preventing analysis of remating behaviour.pseudopolyandry, (GLM, population of the female:
Χ2 1, 374 = 0.020, p = 0.887; male: Χ
2
1, 373 = 0.023, p =
0.879; interaction: Χ2 1, 372 = 0.002, p = 0.966). No fac-
tors significantly predicted the number of days until
remating, either for true polyandry (p > 0.648 in all
cases) or pseudopolyandry (p > 0.278 in all cases).
Impact of temperature on remating
The rate of true polyandry was affected by a significant
interaction between the temperature the female was kept
at and the population of the cross (GLM, Χ2 1, 394 =
4.246, p = 0.039). The rate of true polyandry in UK flies
showed a linear increase with increasing temperature,
whereas for the Greek flies there was a non-significant
U-shaped trend, with the lowest levels of polyandry at
21°C. UK flies showed significant differences in rate of
true polyandry at different female storage temperatures
(0%, 4.4% and 8.3% at 18°C, 21°C and 25°C respectively;
Pearson’s Chi-squared test, Χ2 2 = 6.247, p = 0.044) drivendifferent conditions
n N True polyandry Pseudopolyandry All rematings
124 4.0% (5) 9.7% (12) 15.3% (19)
118 3.4% (4) 9.3% (11) 13.6% (16
77 5.2% (4) 10.4% (8) 19.5% (15)
102 4.9% (5) 8.8% (9) 14.7% (17)
43 0.0% (0) 11.6% (5) 11.6% (5)
34 5.9% (2) 8.8% (3) 20.6% (7)
36 13.9% (5) 8.3% (3) 30.6% (11)
30 6.7% (2) 16.7% (5) 30.0% (9)
21 0.0% (0) 19.0% (4) 19.0% (4)
16 0.0% (0) 6.3% (1) 6.3% (1)
24 4.2% (1) 8.3% 2) 12.5% (3)
18 0.0% (0) 5.6% (1) 11.1% (2)
22 0.0% (0) 4.5% (1) 13.6% (3)
24 12.5% (3) 16.7% (4) 29.2% (7)
18 0.0% (0) 5.6% (1) 5.6% (1)
20 5.0% (1) 0.0% (0) 5.0% (1)
56 3.6% (2) 10.7% (6) 17.9% (10)
45 2.2% (1) 15.6% (7) 20.0% (9)
17 0.0% (0) 11.8% 2) 11.8% (2)
- - - -
31 6.5% (2) 12.9% (4) 19.4% (6)
- - - -
893 4.1% (37) 10.3% (92) 14.4% (152)
ting), pseudopolyandry (remating after an infertile first mating) and all
s. Numbers in brackets are the actual number of females that remated.
ared and mated at 21°C, with ample food. Note that the number of all
hose mating status could not be determined were still observed to remate.
initially (N = 8 for starved female, fed males, and N = 9 for starved females,
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(Pearson’s Chi-squared test with Yates’ continuity correc-
tion, 18–21 p = 0.171, 18–25 p = 0.034, 21–25 p = 0.437).
This difference in true polyandry was not detected in the
Greek flies (7.5%, 3.8% and 5.7% at 18°C, 21°C and 25°C
respectively; Pearson’s Chi-squared test, Χ2 2 = 1.064, p =
0.588). There was a trend for the rate of true polyandry to
increase at higher mating temperatures, but this was mar-
ginally non-significant (GLM, Χ2 1, 394 = 3.429, p = 0.064).
The temperature the male was kept at did not significantly
predict rate of true polyandry (GLM, Χ2 1, 394 = 0.400, p =
0.527). All other factors were non-significant (p >0.121 in
all cases).
The rate of pseudopolyandry was affected by an inter-
action between the temperature the male was kept at
and the population of the cross, although this was very
marginally non-significant (GLM, Χ2 1, 479 = 3.816, p =
0.051). Greek females tended to be more likely to be
pseudopolyandrous if the male was stored at a higher
temperature (5.7%, 9.3% and 13.9% at 18°C, 21°C and
25°C respectively), while UK females showed the reverse
trend of being less pseudopolyandrous if the male was
kept at a higher temperature (12.2%, 9.7% and 7.3% at
18°C, 21°C and 25°C respectively). If the interaction is
considered non-significant, then none of the other
factors affected the rate of pseudopolyandry (GLM, fe-
male storage temperature: Χ2 1, 478 = 0.778, p = 0.378;
male storage temperature: Χ2 1, 481 = 0.137, p = 0.712;
temperature the mating occurred at: Χ2 1, 476 = 0.941,
p = 0.332). The population of the cross was not signifi-
cant (GLM, Χ2 1, 480 = 0.015, p = 0.903). No other factors
were significant (p > 0.248 in all cases).
None of the temperature factors significantly pre-
dicted refractory period for polyandry (GLM, p > 0.259
in all cases).The refractory period for pseudopolyandry
was affected by a significant interaction between the
population of the cross, the temperature the female was
kept at and the temperature the mating occurred at
(GLM, Χ2 3, 45 = 4.541, p = 0.033). All other factors were
not significant (p > 0.436 in all cases). The total number
of offspring produced tended to increase when the mat-
ing took place at a higher temperature, although this
was non-significant (GLM, Χ2 1, 476 = 3.704, p = 0.054).
If that factor is removed males kept at high tempera-
tures sired more offspring (GLM, Χ2 1, 477 = 21.052, p <
0.001) while females kept at higher temperatures pro-
duced fewer offspring (GLM, Χ2 1, 477 = 12.783, p <
0.001). None of the interactions were significant for
total offspring production (p > 0.250 in all cases).
Hunger and remating
Few Greek females mated initially when starved, so they
were removed from the analyses for remating behaviour
(N = 17). Hunger state of the male and female were notsignificant factors for predicting rate of true polyandry
(GLM: female: Χ2 1, 351 = 0.058, p = 0.810; male: Χ
2
1, 350 <
0.001, p = 0.998), or the rate of pseudopolyandry (GLM,
female: Χ2 1, 348 = 0.221, p = 0.639; male: Χ
2
1, 351 = 0.653,
p = 0.419. Population also did not affect polyandry
(true polyandry: GLM, Χ2 1, 348 = 0.156, p = 0.693;
pseudopolyandry: GLM, Χ2 1, 350 = 0.090, p = 0.765).
All other factors were non-significant (polyandry: p >
0.200; pseudopolyandry: p > 0.553in all cases). Analysis
of refractory period for polyandry was not possible due
to lack of variation in refractory period for polyan-
drous females. No factors affected the refractory period
for pseudopolyandry (p > 0.096 in all cases). Females on a
low nutrient food produced fewer offspring (populations
pooled, means of 73 and 33 offspring for fed and starved
females respectively; GLM, Χ21, 235 = 81.141, p < 0.001). All
other factors were non-significant for total offspring pro-
duced (p > 0.096 in all cases).Polyandry over time
Decreasing numbers of flies were pseudopolyandrous at
each opportunity (Figure 1; all data pooled, 71/893, 19/
805 and 2/795 remating at three, seven and ten days
after the original mating respectively; Chi-squared test,
Χ2 2 = 85.091, p < 0.001). All pairs were statistically sig-
nificant (pair-wise Chi-squared tests, p < 0.001 in all
cases). The rate of true polyandry did not change over
time, (all data pooled, 17/893, 12/805 and 8/795 females
showing true polyandry at three, seven and ten days after
the mating respectively; Chi-squared test, Χ2 2 = 3.707, p =
0.157). The refractory period for pseudopolyandry was
significantly shorter than the refractory period before poly-
andry (Figure 1, all data pooled; N = 129, medians of 3 and
7 days respectively, Mann–Whitney U-test, W= 1106.5,
p < 0.001).Latency to mating and offspring production over
all experiments
Latency before the original mating did not differ be-
tween females that went on to remate and those that
never remated (all data pooled, log10 transformed, N =
893, Welch’s t-test, t1, 208 = −0.088, p = 0.930). Copula-
tion duration of the original mating did not differ be-
tween females that went on to remate and those that
never remated (all data pooled, square root transformed,
N = 893, Welch’s t-test, t 1, 188 = 0.617, p = 0.538). A sig-
nificant difference was found in the total number of off-
spring produced between females of different mating
status (means of 86, 64 and 70 offspring for monan-
drous, pseudopolyandrous and true polyandrous females
respectively, N = 893, Kruskal-Wallis test, Χ22 =12.947,
p = 0.002). Monandrous females produced significantly
more offspring than those that were pseudopolyandrous
UK Greece
0
500
1000
1500
0      1      4      9 0      1      4      9
Number of rivals
C
op
ul
at
io
n 
du
ra
tio
n 
(s
)
Figure 2 Boxplot showing the copulation duration of UK and
Greek flies with different numbers of rivals. Flies were either
kept alone (white), or exposed to one rival (light-grey), four rivals
(medium-grey) or nine rivals (dark-grey) prior to mating. Plots
indicate the median, interquartile range, and range. Notches indicate
95% confidence intervals [44].
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Figure 1 Number of females remating at each opportunity. Data from all remating experiments pooled, in total 794 mated females. Females
that remated but never produced offspring are not included as their mating status could not be determined (N = 99).
Fisher et al. BMC Evolutionary Biology 2013, 13:157 Page 5 of 11
http://www.biomedcentral.com/1471-2148/13/157(N = 757, Mann–Whitney U-test, W = 37279.5, p <
0.001). Polyandrous females produced a similar number
of offspring to pseudopolyandrous females (N = 129,
Mann–Whitney U-test, W = 1542.5, p = 0.408) and mo-
nandrous females (N = 702, Mann–Whitney U-test, W =
14013.0, p = 0.154). There was no difference in offspring
production between the populations (all data pooled,
medians of 79 & 69 for UK and Greek females respect-
ively; Mann–Whitney U-test, W = 72429, p = 0.080).
Male response to rivals
In both UK and Greek populations, copulation duration var-
ied significantly between different levels of male competition
(Figure 2; GLM: UK, F3, 163 = 12.113, p <0.001; Greece, F3,
192 = 11.093, p < 0.001). However, the threshold of response
varied between the two populations. The copulation dur-
ation of UK males exposed to any number of rivals (from
one to nine rivals) was significantly higher than that of males
kept alone prior to mating (Tukey post-hoc comparisons
with lone male: vs. one rival, p < 0.005; vs. four rivals, p =
0.030; vs. nine rivals, p < 0.005). The copulation duration of
Greek males was only increased when males were exposed
to four or more rivals prior to mating (Tukey post-hoc com-
parisons with lone male: vs. one rival, p = 0.741; vs. four ri-
vals, p < 0.005; vs. nine rivals, p < 0.005). These differences
remain significant if the Bonferroni correction for multiple
tests is used. The number of rivals a male was exposed to in
pre-copulation treatments did not affect the subsequent off-
spring production of the female. This was true of both UK
(Kruskal-Wallis: H = 3.27, p = 0.663, N = 69) and Greek
(GLM: F3, 53 = 2.424, p = 0.076) flies.Discussion
As predicted by other studies [33-35], very few D.
subobscura from either population remated. We found
no evidence of a high willingness to remate in the Greek
population, despite the report of frequent polyandry in
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rematings occurred when the female failed to produce
offspring from her first mating. True polyandry was
considerably rarer, with an overall rate of 4% over all ex-
periments and no overall difference between the popula-
tions, although UK females showed an increase in
likelihood of true polyandry when they were kept at
higher temperatures. However, we did find a difference
in the response of males to exposure to potential male
rivals. The typical Drosophila response to rivals of in-
creased copulation duration [35,37] was only shown by
Greek males when exposed to four or more rivals,
whereas the UK males responded to a single rival. This
difference in response is the first evidence of intraspecific
variation in this behaviour. However, as D. subobscura ap-
pears to be largely monandrous, this difference in response
to rivals is unlikely to be related to the risk of sperm
competition.
One potential inaccuracy in our methods is that we
may have missed some females that showed true polyan-
dry. If a female had a fertile first mating, but did not
produce offspring before remating, she would be scored
as showing pseudopolyandry. This is unlikely to be a
major problem, because the females we used were seven
days old, and should have been fully reproductively ma-
ture. Estimates of the survival of D. subobscura [45] and
relatives [46,47] in the wild suggest that most flies die
within ten days and few live more than three weeks. As
a result, failing to oviposit for three days is likely to be
costly to a female, and unlikely to be adaptive. We
observed that overall 12% of monandrous females failed to
produce offspring in the first three days but then went on
to produce offspring. Hence at most 1.2% of females would
have been wrongly assigned as pseudopolyandrous when
they really showed true polyandry, increasing overall levels
of true polyandry from 4 to 5.2%.
Although our results broadly concur with previous
work that suggests D. subobscura is monandrous, dis-
crepancies remain. Previous work by several research
groups found no evidence of remating in D. subobscura
at all [33-35] although Maynard Smith [33] did find that
mated but uninseminated females were willing to remate
(pseudopolyandry). The most likely explanation for this
is that these studies all used small sample sizes (N <51
in all cases), so may have missed relatively rare remating
events. In addition temperature may have played a role.
Maynard Smith conducted his experiments at 18-20°C,
and found no true polyandry [33], and our UK flies
showed no true polyandry at 18°C. This demonstrates
the importance of repeating studies in different condi-
tions, as otherwise we would not have detected polyan-
dry in the UK population. The high level of true
polyandry reported by Loukas et al. [36] in both wild
caught and laboratory flies is more difficult to explain.In our results, starvation does not affect the rate of true
polyandry, but temperature does. Unfortunately Loukas
et al. do not report the temperature at which their flies
were maintained. The flies used in the experiment were
the F2 progeny of wild flies trapped in August 1980 [36],
so the experiment must have been carried out sometime
between October and February. Hence a wide range of
temperatures would be possible. Given that we observed
higher rates of polyandry at both 18°C and 25°C,
temperature may explain their laboratory results.
The high rate of true polyandry they detected in the
wild caught flies is more difficult to explain. One possi-
bility is that many of the wild caught females were old,
and so had had more opportunities to remate. However,
our experiment covered two and a half weeks, which
should include the majority of most females’ lives [45].
Alternatively, females in nature may remate because they
are exposed to a wider selection of males, and remate
only when courted by very high quality males (“trading
up”) [48]. However, our presentation of three males to
each mated female makes it likely that at least one male
would be superior to her original mate. In a similar vein,
females in nature are likely to be harassed by males al-
most continuously when ovipositing (Price, pers. obs.).
Females might remate in nature to reduce harassment,
although this seems unlikely as females are often
harassed by mutliple males, so mating with one will not
help, and recently mated females are still harassed. It is
also possible that the flies Loukas et al. used were differ-
ent to ours. We collected from the same location which
has been preserved as a nature reserve and has had a
consistent ecology. Nevertheless, the 30 year gap be-
tween collections could have allowed an evolutionary
change in mating system. Unfortunately, testing this
would require access to the flies Loukas et al. used, and
an in depth knowledge of the genetic basis of mating
system in this species, neither of which is available at
present. Finally, it is possible that a complex suite of
factors such as temperature, length of reproductive sea-
son and condition of both males and females act
together to increase rate of true polyandry in the Greek
population, that cannot be easily replicated in the
laboratory [22,25,49].
If we accept that our estimates of true polyandry are
solid, then there is still the question of whether D.
subobscura can be considered monandrous. Firstly, can a
species showing up to 8% polyandry in controlled la-
boratory experiments be called monandrous? A strict
definition of monandry, where no individuals ever
remate, would be extremely difficult to prove for any
species, and so would restrict the use of the category to
theory. Furthermore, all animals make mistakes, and so
even a species that has been strongly selected for mo-
nandry would be likely to remate in at least some
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amount of variation in which species are described as
monandrous. Some authors describe a species where up
to 25% of the females act polyandrously as a monan-
drous species [50]. Over all experiments, D. subobscura
showed a four percent rate of true polyandry, but this var-
ied between conditions, most strongly with temperature.
This illustrates the difficulties of determining the mating
system of a species from laboratory experiments. Overall,
the four percent remating rate of D. subobscura probably
does make it reasonable to call it monandrous [51].
However our laboratory estimates are still contradicted by
Loukas et al., who estimated 23% multiple paternity in
nature. New measurements of polyandry in natural popula-
tions, using modern molecular techniques would be useful
to resolve this.
The majority of rematings (71%) that we observed
were pseudopolyandry. The rate of pseudopolyandry
followed a very different pattern to that of true polyan-
dry, showing a strong decrease in frequency with time.
In serially true polyandrous species the propensity to
remate is expected to increase over time [52,53], al-
though in our experiments true polyandry remained
constant over time. If females can detect that their first
mating will not produce offspring, perhaps due to a fail-
ure of sperm transfer, male infertility, or genetic incom-
patibility, then remating as early as possible will increase
her fitness. As predicted, in this study females that were
pseudopolyandrous were far more likely to remate at
their first opportunity than the second or third.
The contrasting impacts of both time and temperature
on pseudopolyandry compared to true polyandry sug-
gests that the two are indeed distinct behaviours, likely
to be driven by different evolutionary pressures and con-
trolled by different mechanisms. Moreover, the conse-
quences of pseudopolyandry are likely to be far less wide
ranging than those of true polyandry. The area where
pseudopolyandry is likely to be most important is in dis-
ease transmission and epidemiology, where fertile mat-
ings are not required [54]. Pseudopolyandry is likely to
be very widespread, with work from a wide variety of
species showing that females are likely to remate if their
first mating is infertile [49,55-60]. However, determining
whether a species shows true or pseudopolyandry is
likely to be difficult for many species, requiring extensive
behavioural information on the species, best supported
with molecular investigation of multiple paternity [61].
Genetic incompatibility provides a further complication,
with some crosses between individuals likely to show
greatly reduced offspring fitness, but not necessarily
complete failure [17]. In addition, rates and drivers of both
true and pseudopolyandry are likely to differ between popu-
lations, and between environments, as shown by some of
the experiments presented here. Nevertheless, we believethat despite the difficulties of accurately determining the
mating system, and potential complications due to interac-
tions between individuals, the terms “true polyandry” and
“pseudopolyandry” will add useful clarity to the field.
If D. subobscura is indeed a largely monandrous spe-
cies, then why do males show an increase in copulation
duration when exposed to potential mating rivals? The
threat of sperm competition is likely to be very low for
these males, even if the 23% true polyandry rate is true.
One possibility is that males are responding to the likeli-
hood of mating with more than one female. If females
are monandrous, the chance of encountering a female
that is willing to mate is lower when rivals are present.
Hence males may maximise their fitness by investing all
their reserves in the first female they mate with [62]. Al-
ternatively, the response may not be adaptive, but might
be due to conflict between males [63]. Longer copulation
durations in D. subobscura may be due to exhaustion or
damage in males exposed to rivals. However, we cur-
rently do not know why males from the two populations
should show different patterns of response to rivals. All
previous studies have found that all males respond to
the presence of one or more rivals with the same in-
crease in copulation duration [35,37,64,65]. The only ex-
ception is D. bifasciata, in which males show no
response to rivals at all, irrespective of how many are
present [66]. The difference between the populations in
their response to rivals, with no corresponding differ-
ence in female willingness to remate, suggests that this
response is not related to sperm competition in this spe-
cies. Copulation duration and amount of sperm trans-
ferred are not necessarily related in D. melanogaster
either [39,67]. What does drive the difference in male re-
sponse in D. subobscura is currently unknown. There
are a great many possible ecological differences between
the UK and Greek populations. For example, population
density may differ between populations, causing different
rates of male-male contact and aggression [68]. Our
present paucity of information about the two popula-
tions makes it difficult to identify the cause, now that it
is unlikely to be sperm competition.
Conclusions
Overall, our results suggest that D. subobscura is a gen-
erally monandrous species, although further estimates of
polyandry in natural populations would be useful to con-
firm this. Previous differences in estimates of polyandry
were probably driven by differences in the methods used
to assay remating, compounded by small sample sizes.
However, our two populations did differ in the re-
sponse males shown to exposure to potential rivals,
making it unlikely that this response is related to the
risk of sperm competition, as predicted by previous
studies. As found in other species, some female D.
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them (pseudopolyandry), while only a small proportion
exhibit true polyandry. We suggest that this distinction
between true polyandry and pseudopolyandry is one
that is worth making in future studies of female
remating behaviour, especially when conditions may
affect the two behaviours differently.
Methods
Experimental populations
We collected females of D. subobscura from Adel Dam,
Leeds, UK (53°52′1.30″N, 1°35′7.83″E) in May 2011
(“UK” flies) and from Parnitha National Park, Athens,
Greece (38°10′24.24″N, 23°43′2.64″E) in April 2011
(“Greek” flies). Flies were maintained as mixed popula-
tions in the laboratory (N = 200 per generation),
descended from 24 and 27 wild females for the UK and
Greek populations respectively. We maintained them on
a maize, sugar, agar and yeast medium at 21°C [42] with
a 14:10 hr photoperiod (lights on at 10:00 GMT). We
conducted all experiments in these conditions unless
stated otherwise.
Population differences in remating
To examine the willingness of females from both popu-
lations to remate, we first mated virgin females to males,
and then presented them with regular opportunities to
mate with another male. For each population we col-
lected flies as one day old virgins under CO2 anaesthesia
and transferred them to single sex groups of 15–20 flies
per vial. We mated all flies at eight days old, by which
time D. subobscura are sexually mature [34] and un-
affected by the prior CO2 anaesthesia [69]. At seven days
old we aspirated each female into an individual vial. This
increases mating propensity in females as they acclima-
tise to the vial [69]. Males were also placed in a vial on
their own one day before they would be used in a mat-
ing, which improves their chance of mating [33], al-
though the mechanism for this is unclear. We began
each mating and remating experiment within 15 minutes
of the light period of our photoperiod beginning. This
provides a “dawn” stimulus, when D. subobscura are
most active in nature [70]. We aspirated a male into a
vial containing a single female, and observed the pair for
two hours, recording the time to start of mating (la-
tency) and copulation duration. A period of two hours
was used for several reasons. Firstly, 88% of the D.
subobscura that mate within two hours mate within the
first 60 minutes. Secondly, D. subobscura are thought to
be most active for a few hours just after dawn and before
dusk, making two hours a reasonable estimate of an
interaction period. Once a mating ended we discarded
the male. For the first matings, we discarded any females
that were unmated after two hours. A mean of 56%females failed to mate at the first opportunity, and this
ranged from 32% to 86% for different experiments.
This low mating rate by virgin D. subobscura is not un-
usual for the species, having been reported in previous
experiments [43]. However, it does mean that the fe-
males that did mate are unlikely to be an entirely ran-
dom sample of females, particularly in the female
starved treatments where very few females mated. It is
possible that females that did not remate on day 8
would have mated later if given the opportunity, and
might show different remating behaviour to the
initially mated females. Our experimental design
cannot directly address this, although we are not aware
of any previous work that has suggested such changes
are likely in Drosophila. Once mated, we then gave
females remating opportunities with new seven day old
virgin males on three occasions, at three, seven and ten
days after the original mating. The remating opportun-
ity lasted two hours, after which we discarded the
males.
We moved all females into new vials with fresh food
three days after the original mating opportunity, imme-
diately after the second mating opportunity, and ten
days after the original mating, immediately after the final
remating opportunity. Drosophila of the Obscura group
show an insemination reaction on mating in which the
ejaculate becomes a gelatinous mass for approximately
30 minutes after mating, and sperm cannot be used by
the female to fertilise eggs [71]. Hence any offspring in
the first vial cannot have been fathered by the second
male, and would indicate that the first mating was fertile.
We discarded the females after 17 days, and we moni-
tored the vials they were kept in for emerging adults.
One week after the majority of vials in a condition had
the first adult emerge, we counted the total number of
adult offspring in each vial. Females that remated after
producing offspring were recorded as showing true
polyandry. If a remating occurred before the female
produced any offspring we termed it pseudopolyandry.
All females were mated only to males from the same
population.Examination of which sex controls remating
To determine whether the possible differences between
populations in remating rate were male or female con-
trolled, we repeated the experiment above, but initially
mated half the females with a male from the same popu-
lation, and half with a male from the other population
Remating opportunities were with males of alternating
populations. This was the only experiment that crossed
males and females of different populations. All subse-
quent experiments crossed males and females from the
same population.
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To detect any effect of temperature on remating behav-
iour, we repeated the original design independently at
18°C and 25°C. We collected virgins from vials
maintained at 21°C as above, but kept the adults at
either 18°C or 25°C. We carried out the matings at the
temperature the males and females were raised at i.e.
18°C or 25°C. Crosses with adult flies kept at 18°C or
25°C were also performed at 21°C, to control for the
temperature during courtship/mating, which can affect
the degree of remating [72]. To establish whether any ef-
fect of temperature was male or female controlled, we
kept females at 18°C and mated them with males from
25°C, and we mated females kept at 25°C with males
from 18°C. The matings for these crosses occurred at
21°C. All remating opportunities were with males raised
at the same temperature as the male in the original mat-
ing and occurred at the same temperature as the original
mating.Effect of manipulating hunger state
To determine whether flies in a worse condition had al-
tered mating and remating behaviour, we altered the diet
of males and females. In order to starve the females we
kept them on food containing 1/5 of the yeast of the
standard food from collection as one day old virgins for
their entire adult lives. This degree of starvation al-
tered remating behaviour in D. melanogaster [25]. To
starve the males we aspirated them at six days old into
an individual vial containing a piece of blue paper over
damp cotton wool, providing water but no nutrition
[43]. We mated the flies at seven days old. We crossed
females, either starved or in normal condition, with
males, in starved or normal condition. All remating
opportunities were with males in normal condition
(not starved).Male response to rivals
To examine the response of males to exposure to poten-
tial mating rivals, we placed one day old virgin males ei-
ther alone or with one, four or nine rival males. Males
were kept in these conditions until they were transferred
to the female vial for mating. A single male was used
from each vial to avoid pseudoreplication [35], and
males from vials containing dead males were not used.
Virgin females were collected as above. As standard, we
recorded the occurrence of mating, latency and duration
of copulation. Each pair was allowed two hours to mate,
after which we discarded males. As in the first experi-
ment, mated females were then retained for offspring
counts. We repeated this process independently for both
Greek and UK populations.Data analysis
Data were analysed using IBM SPSS v20 and R 2.15.1
[73]. Females that remated but produced no offspring at
all were excluded from analyses, as the female might
have been infertile; in which case determining whether
she showed true polyandry or pseudopolyandry was not
possible. Where Generalised Linear Models were used,
we constructed the maximal model and then removed
non-significant factors in a stepwise manner.
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